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Objectives: Knowledge of aortic valve function has been obtained from experimen-
tal studies. The aim of the present study was to investigate characteristics of aortic
valve motion in humans.
Methods: Fifty-six patients were studied: 19 with normal valve and good systolic
left ventricular function (Group NL), 12 with normal valve and reduced left
ventricular function (Group CMP), and 25 with aortic stenosis and good left
ventricular function (Group AS). The frame rate was doubled (50 Hz) compared
with previous 3-dimensional systems. A mean of 38  9 images were acquired per
cardiac cycle, with 14  4 images during the systole. The changes in shape and
orifice area were analyzed over time.
Results: With normal valves, valve movement proceeded in 3 phases: rapid opening,
slow closing, rapid closing. Stenotic valves showed a slower opening and closing
movement. The times to maximum opening in Groups NL, CMP, AS were 76 30,
88  18 (P  .06), and 130  29 (P  .01) ms, respectively. It was inversely
correlated to the maximum orifice area (r  0.59, P  .001). The opening
velocities in Groups NL, CMP, AS were 42  23, 28  9 (P  .05), and 5  2
(P  .001) cm2/s, respectively. There was a close correlation between the opening
velocity and the maximum orifice area (r  0.87, P  .001). Slow valve closings
occurred at a velocity of 8.0  5.2, 5.3  2.0 (P  .21), 2.8  1.1 (P  .01) cm2/s,
respectively, and rapid closings in Groups NL and CMP at 50  23, 29  8 (P 
.01) cm2/s. The results show good agreement with experimental data.
Conclusion: Rapid aortic valve movement can be recorded by 3-dimensional echo-
cardiography and analyzed quantitatively. Time and velocity indices of valve
dynamics are influenced by valvular and myocardial factors. A comparable in vivo
analysis is not possible with any other imaging procedure.
Depiction of aortic valve movement in vivo is a challenge even tomodern imaging procedures due to the rapid movement of thevalvular structures. Our knowledge of the opening and closingbehavior of the valve were thus obtained primarily by experimen-tal studies. Initial studies have been performed with pulsatilemodels.1-5 Studies leading further have been performed on the
beating heart in animal models: use of contrast dyes or labeling the valve with
radiopaque markers made X-ray depiction of the valve and its function possible.6-11
Direct imaging of valve function in animal models was achieved in endoscopic
cinematographic studies.12-15 Recent experimental approaches are based on elec-
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tromagnetic induction or stereo-photogrammetry.16-18 In
humans, the systolic movement pattern can be recorded by
means of M-mode echocardiography.19-21 Since, in this
procedure, only two of three cusps are visible, no informa-
tion can be obtained on the shape of the valve or area
changes. The precision of 2D echocardiography is limited,
as the valve opening can often not be exactly recorded
during the entire systole, due to the axial movement of the
valve apparatus and the movement of the cusps.22
3-dimensional (3D) echocardiography has the potential
for thorough analysis of cardiac anatomy and function in
vivo.23,24 Smaller cardiac structures do, however, set par-
ticularly high requirements for spatial and temporal resolu-
tion.25-28 3D studies on the aortic valve thus far addressed
the depiction of morphology and quantification of the max-
imum orifice area.25,29-31 3D imaging of normal or patho-
logical aortic valve movement has hardly been examined, as
the low temporal resolution has been a limiting factor. The
objectives of this study were (1) to examine the extent to
which a new technique with higher frame rates would make
it possible to record aortic valve movement; (2) to analyze
physiological and pathological movement patterns in the
aortic valve and compare our results with those of experi-
mental studies.
Methods
Study Population
Fifty-six patients were examined (20 women, 36 men, mean age 62
 14 years). The study population consisted of 3 groups: 19
patients (Group NL) had normal systolic left ventricular (LV)
function (mean ejection fraction  59  5%) and a morphologi-
cally unremarkable aortic valve. Transesophageal echocardiogra-
phy (TEE) was indicated in the Group NL patients in search of a
source of cardiac embolism. Group NL had the youngest patients,
with a mean age of 48  10 years. Twelve consecutive patients
with cardiomyopathy (Group CMP) were examined prior to sur-
gical reduction of the left ventricle. These patients had high-grade
reduction of LV function (ejection fraction in 3D echocardiogra-
phy 24  6%32) with underlying ischemic or dilatative cardiomy-
opathy. The mean age of the patients in Group CMP was 68  11
years. Twenty-five consecutive patients with aortic stenosis
(Group AS) underwent TEE as part of this study. These patients
had moderate to severe aortic stenosis (orifice area determined by
continuity equation 0.77  0.18 cm2) and normal systolic LV
function (mean ejection fraction 57 5%). The mean age of the
patients in Group AS was 71  9 years. None of the patients in
Groups NL and CMP had aortic insufficiency  grade I. Two of
the patients in Group AS had aortic insufficiency grade I-II, 1
patient grade II, and 1 patient grade II-III. The maximum orifice
area determined by 3D echocardiography was 2.70  0.63 cm2
(Group NL), 2.38  0.77 cm2 (Group CMP, P  .09 vs NL), and
0.67  0.24 cm2 (Group AS, P  .001 vs Group NL, P  .001 vs
Group CMP). All patients were in sinus rhythm. The study was
approved by the local ethics committee. The individual examina-
tions were performed after the patient had granted informed con-
sent.
Transesophageal 3D Echocardiography
A 5-MHz multiplane probe (Toshiba SSA 380A) was used for
TEE. Controlled by the 3D unit (TomTec EchoScanSystem,
TomTec Inc, Unterschleiheim), 90 rotation levels were recorded
at intervals of 2 degrees. Data acquisition was triggered by electro
cardiogram and respiration. Acquisitions were performed at a
frame rate of 50 Hz.
3D Data Reconstruction and Analysis
3D data analysis was made with the TomTec EchoScan 4.1 Pro-
gram. Within a 3D data set, an “en face” view from the aorta
ascendens to the aortic valve was selected. Threshold and trans-
parency values were adjusted based on the gray-value information
of the 3D data set. Finally, by application of rendering algorithms,
the volume-rendered image was reconstructed and the orifice area
planimetered. The changes in the aortic valve during the systole
was depicted in all image phases (Figure 1, A) and the orifice area
planimetered in each phase. The change in orifice area was de-
picted graphically in an area-time diagram (Figure 1, B). The
following time and velocity indices were calculated: time to max-
imum opening, opening velocity, time for slow valve closure, slow
valve closure velocity, time for rapid valve closure, and rapid
valve closure velocity (Figure 2).
Statistical Analysis
The SPSS 10.0 Software Package was used for statistical data
analysis. Grouped values were recorded as mean  standard
deviation. Paired data were compared using the Wilcoxon signed-
ranks test, unpaired data with the Kruskal-Wallis test, and the
Mann-Whitney U test. Differences of P  .05 were considered
statistically significant. Correlations between methods were deter-
mined by regression analysis. For determination of intra-/interob-
server variabilities, the mean difference of the measurements was
calculated.33
Results
Adequate imaging of the aortic valve could be achieved in
all patients with normal aortic valve and good LV function
(Group NL, n  19) as well as in all patients with normal
valve and cardiomyopathy (Group CMP, n  12). Among
the patients with aortic stenosis (Group AS, n 25), 9 were
excluded from further analysis because the valve orifice in
the 3D data set could not be reliably imaged in all systolic
phases. This affected especially valves with marked calci-
fication.
Temporal Resolution of Valve Movement
A mean of 38  9 (21 to 62) images were recorded per
cardiac cycle, and a mean of 14  4 (6 to 22) images were
recorded during the systole.
Systolic Changes in the Shape of the Aortic Orifice
During the systole, the aortic orifice changes not only in size
but also in shape. It may be stellate, circular, triangular, or
an intermediate form of these three variants (Figure 3). In
normal valves (Group NL, Group CMP) at the time of
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maximum opening, 9 valves were round, 10 were triangular,
and 12 took on an intermediate form.
After the initial rapid opening, the valve begins a slow
closing movement in the early systole. The shape of the
valve changes usually toward a triangular morphology. At
the end systole, there is a rapid closure movement until the
valve is completely closed.
In the presence of AS, the initial opening movement is
slower; the maximum opening of the valve is attained later
in the systole than in normal valves (Figure 4). In the
closing movement of the valve, it is frequently not possible
to clearly differentiate between slow and rapid phase.
Figure 5 shows the area-time curves of three patients in
Groups NL, CMP, and AS in comparison.
Determination of Time and Velocity Indices
1. Phase of valve opening
Time to maximum opening of the aortic valve. In
Group NL, the time to attaining maximum opening was a
mean 76  30 (40 to 160) ms; in Group CMP, 88  18 (60
to 120) ms, P  .06 (Figure 6, A). In Group AS, the time to
maximum opening was significantly longer at 130  29 (80
to 180) ms, P .001 vs Group NL, P .01 vs Group CMP.
The time to reaching maximum valve opening showed a
highly-significant inverse correlation to the opening area (r
 0.59, P  .001) (Figure 6, B).
Figure 1. A, Dynamic changes in normal aortic valve. During the systole, the aortic orifice changes not only its size,
but also its shape. In this example, the orifice takes an “intermediate” (between round and triangular) shape at the
time of maximum opening. Later, there is a slow closing movement, and the form becomes clearly triangular. B,
Corresponding area-time diagram. AOA, aortic orifice area.
Figure 2. Determination of the time and velocity indices based on
the area-time-diagram. AOA, aortic orifice area; A1, maximum
orifice area; A2, difference between maximum orifice area and
orifice area at the end of the slow closing movement; A3, orifice
area at the end of the slow closing movement; T1, time to
maximum valve opening; T2, time for the slow closing movement;
T3, time for the rapid closing movement; V1, velocity of rapid
valve opening; V2, velocity of slow closing movement; V3, veloc-
ity of rapid closing movement.
Figure 3. Typical forms of aortic orifice during systolic move-
ment: stellate, round, intermediate, triangular. The drawings are
based on recorded data.
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Valve opening velocity. The opening velocity in Group
NL was higher (42  23 cm2/s) than in Group CMP (28 
9 cm2/s, P  .05). In Group AS, it was significantly lower
than in the other 2 groups (5 2 cm2/s, P 0.001 vs Group
NL, P  .001 vs Group CMP) (Figure 7, A). Figure 7, B
shows the close relationship between the velocity of valve
opening and the maximum orifice area (r 0.87, P .001).
The smaller the orifice, the lower the velocity of valve
opening. With an opening area 2 cm2 the mean opening
velocity was 40  20 cm2/s; in aortic stenosis with 1 cm2
the mean velocity was only 5  2 cm2/s.
Valve opening in aortic stenosis: Relationship to the
transvalvular gradient. The maximum transvalvular gradi-
ent in Group AS was 40 to 130 mm Hg (mean 75  23 mm
Hg). Figure 8 shows the relationship between the transval-
vular gradient and the time to maximum valve opening.
There was a significant correlation with r  0.62, P  .01.
Stenoses with high gradients required more time to maxi-
mum structural opening.
The gradient and the valve opening velocity showed an
inverse correlation (r  0.31, P  .25). Valves with a
high gradient thus had a tendency to open with lower
velocity.
2. Phase of valve closing
Slow valve closure. The velocity of slow valve closing
in Group NL was 8.0 5.2 cm2/s; in Group CMP 5.3 2.0
cm2/s, P  0.21. In Group AS, it was significantly lower
than in the other two groups (2.8  1.1 cm2/s, P  .001 vs
Group NL, P  0.01 vs Group CMP). In Group AS, the
time from maximum opening to complete closure was used
to calculate the time, as differentiation of slow and rapid
phase could usually not be made in the presence of AS. At
the end of the slow valve closure, the valve opening in
Group NL was 68  12%, in Group CMP 70  7% (P 
.89) of the maximum orifice area.
Rapid valve closure. The time for rapid valve closing in
Group NL was 42  16; in Group CMP 60  12 ms, P 
.01. The rapid closing velocity in Group NL was 50  23
cm2/s; in Group CMP 29  8 cm2/s, P  .01.
Variability of planimetric measurements. To determine
intra- and interobserver variability, 15 patients were inde-
pendently quantified by 2 examiners. Five patients were
randomly selected from each subgroup for this purpose. The
mean difference  SD between the measurements was
determined and tested for difference from 0. The intraob-
server variability was 0.02  0.32 cm2; the difference
between the measurements was not significant (P  .65).
Figure 4. A, Dynamic changes in a stenosed aortic valve during the systole. The valve is functionally bicuspid; left-
and right coronary cusps are fused. The opening movement of the valve is lethargic compared with a normal valve.
B, Corresponding area-time diagram. AOA, aortic orifice area.
Figure 5. Imaging of the systolic motion pattern of the aortic
valve in 3 patients of the study groups NL, CMP, and AS. AOA,
aortic orifice area; NL, normal; CMP, cardiomyopathy; AS, aortic
stenosis.
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The interobserver variability was 0.04  0.34 cm2; the
difference was statistically significant (P  .01). The cor-
relation coefficients were r  0.95, P  .01 for intraob-
server variability and r  0.94, P  .01 for interobserver
variability.
Discussion
As the surgical treatment of aortic valve disease has become
more sophisticated, the need has grown for a better under-
standing of the aortic valve’s geometry and function. Valve-
preserving surgery and the design of valve prostheses both
require description and analysis of the dynamic changes the
aortic valve undergoes during the cardiac cycle. Aortic
valve function has been investigated in numerous experi-
mental studies so far.1-18 In addition, powerful computer
systems now make possible theoretic analysis using finite
element models.34,35 On the other hand, there still is no
imaging procedure that makes possible a thorough descrip-
tion of aortic valve dynamics for clinical application.
In this study, we undertook for the first time a thorough
in vivo description and analysis of systolic aortic valve
movement. 3D echocardiography enabled (1) spatial imag-
ing of valve morphology, (2) quantitative determination of
the orifice area, and (3) a relatively high-resolution record-
ing of the changes over time. In addition to examination of
normal valve motion, we were able to demonstrate that
dynamics are influenced by both myocardial and valvular
changes.
Figure 7. A, Comparison of valve opening velocities in the 3 groups examined. In the patients with reduced left
ventricular function, the valve opened more slowly. Stenosed aortic valves opened slowest. B, Relationship
between maximum orifice area and opening velocity. A close and highly significant correlation is found between
the two parameters. AOA, aortic orifice area; CMP, cardiomyopathy; AS, aortic stenosis. *P < .05; **P < .001.
Figure 6. A, Time to maximum valve opening in the 3 patient groups. Stenosed valves required significantly more
time to maximum opening of the valve. B, Relationship between maximum orifice area and time to maximum
opening. There was a highly significantly inverse correlation between the two parameters. AOA, aortic orifice
area; CMP, cardiomyopathy, AS, aortic stenosis. **P < .01.
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Temporal Resolution of Valve Movement
Compared with previous 3D systems we were able to attain
temporal imaging at 50 Hz, which is about double the usual
imaging (25 to 30 Hz, Real-Time 3D Systems, about 20
Hz). Thus, up to 22 images were attained systolic. Arsenault
and colleagues recorded up to 16 images in their 2D study
of movement patterns in aortic stenosis (video frequency 33
Hz).22 Other procedures like high-speed cineradiography
with radiopaque markers,11 endoscopy,12-15 or stereo-pho-
togrammetry18 can only be applied in experimental studies.
Normal Aortic Valve Dynamics: Comparison with
Experimental Studies
Our results can be compared mainly to experimental studies
to date. Good qualitative and quantitative agreement was
found. The shape of the aortic orifice varies and changes
during the systole. As described by several authors, the
shape may be stellate, circular, or triangular or it may take
on an intermediate form.5,8,9,14 Experimental data indicate
that the shape depends on the flow and the elasticity of the
aortic root.9,36
The present study shows that the movement of the nor-
mal aortic valve can be subdivided into 3 phases: (1) rapid
opening with early attainment of maximum opening; (2)
slow valve closure starting in the early systole; (3) rapid
end-systolic valve closure. It is noteworthy that the increase
and decrease in orifice area apparently occurs differently
than the increase and decrease of the transvalvular blood
flow: experimental studies have shown that (1) valve open-
ing begins even before the onset of blood flow due to
expansion of the aortic root; (2) the maximum opening is
attained prior to maximum flow; (3) the (slow) valve closure
begins while the flow is still increasing; (4) rapid valve
closure begins at the end of the forward flow across the
valve.9,15,17
With respect to time and velocity indices of valve move-
ment, we found good agreement with data of a dog model
published recently.17 Our measurements revealed a mean
time of 76 ms to maximum valve opening, Higashidate and
colleagues17 found a time of 57 ms. It must be noted that a
slight systematic overestimation results in our calculation: a
time of 20 ms (at 50-Hz imaging frequency) is assumed for
the phase from the last 3D image with closed to the first
image with opened valve, while it is actually only between
1 and 20 ms. For the opening velocity and slow and rapid
closure velocity, we found values of 42, 8, and 50 cm2/s and
thus also good agreement with the values reported by Hi-
gashidate and colleagues17 (34, 4, 29 cm2/s).
De Paulis and colleagues found shorter times for valve
opening and closing in humans in a study published recent-
ly.21 They did not examine the movement characteristics of
the aortic valve on the basis of area changes, but 1-dimen-
sionally using M-mode echocardiography.
Influence of Reduced LV Function and Aortic Stenosis
on Valve Dynamics
The velocity of the valve opening is influenced by both
valvular changes and by changes in LV contractility. Our
data show that the valve opens more slowly and attains a
smaller orifice area in the presence of reduced LV contrac-
tility. Experimental studies have shown that higher stroke
volumes lead to more rapid opening velocities and that there
is a correlation between the stroke volume and the maxi-
mum orifice area.17,19
Stenosed valves show very low opening velocities, even
in the presence of good LV contractility. The stroke volume
is also reduced in high-grade stenosis, but the reduced
mobility of the valve leaflets and reduced elasticity of the
aortic root play the more decisive role here.22 In the entire
collective, there was a close relationship between valve
opening velocity and maximum orifice area. With r  0.87,
we found the same correlation as Arsenault’s group (r 
0.86) in their 2D echocardiographic study.22
Stenosed valves not only open more slowly, they also
attain their maximum orifice later than normal valves. The
time to maximum opening was significantly longer in pa-
tients with aortic stenosis than in patients with normal
valves, and there was an inverse correlation with the max-
imum orifice area (r  0.59, P  .001). In patients with
aortic stenosis, there was a significant positive correlation
between the maximum transvalvular gradient and the time
to maximum opening (r  0.62, P  .01). Thus, the time to
maximum opening seems to represent the rigidity of the
valve. With increasing immobility of the cusps, the valve
requires a longer time to structural opening, and stronger
forces, as defined by the pressure gradient, are needed to
make it open. Despite delayed opening, however, the max-
imum orifice was attained in most of the patients with aortic
Figure 8. Relationship between the maximum Doppler gradient
and the time to maximum structural opening of the valve in
patients with aortic stenosis.
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stenosis in the first half of the systole. Contrary to this,
Badano and colleagues had reported that the maximum
hemodynamically effective opening in aortic stenosis is not
attained until the late systole.37 These differences may pos-
sibly indicate that anatomically and hemodynamically ef-
fective opening in aortic stenosis have different temporal
courses: the effective area is still increasing when the ana-
tomical area has already begun to decrease.
Limitations
In spite of the encouraging results, the limitations of current
3D technology must be taken into account. Further im-
provement in temporal resolution is still needed for more
detailed recording of movement patterns. This applies es-
pecially for valve opening, which is brief and occurs at high
speed. It is also recorded in only a few images with the
technique presented here. Use of ultrasound raw data will
make image frequencies of more than 100 Hz possible in the
future.38 In the area of structural resolution, the current
technique can also only be considered as preliminary. Re-
construction from multiple 2D slices has the basic problem
of being susceptible to movement artefacts and variations in
heart rate or respiratory patterns.
Perspectives for the Future and Clinical Implications
3D echocardiography will enable more detailed studies of
the physiology and pathology of cardiac valves. Detailed
analysis of aortic valve motion has potential in several
clinical conditions:
1. As Lester and colleagues recently showed in their
Doppler echocardiographic study, the rate of the area
change is important in the prediction of aortic stenosis
progression.39 This could be more precisely visualized
by 3D echocardiography.
2. Geometry and dynamic changes of aortic bioprosthe-
ses have been studied for the most part experimental-
ly.40,41 3D echocardiography could make comparable
studies in humans possible.
3. In recent studies using M-mode echocardiography,
Leyh and colleagues and De Paulis and coworkers
showed the influence of various surgical techniques on
the opening and closing movement after valve-pre-
serving surgery.20,21 With 3D echocardiography, more
precise recording of geometry and function might be
possible.
Conclusion
3D echocardiography with high temporal resolution enables
a detailed analysis of aortic valve dynamics. This is influ-
enced by valvular and myocardial factors. Comparable in
vivo analysis is not presently possible with any other im-
aging procedure.
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